SUMMARY: This study aimed to evaluate the effects of protection from extractive activities on the population structure of two limpets of commercial interest, Patella ulyssiponensis and Patella candei crenata. We evaluated the status of these populations in La Palma Marine Protected Area (MPA), Canary Islands, and in comparable unprotected areas in the lower intertidal zone of the same island. We showed that the density of P. ulyssiponensis depended greatly on the level of protection, whereas the effects of protection on the density of P. candei crenata were less clear and only differences between sites were found. These results are probably linked to the different habitat affinities of the two species studied and demonstrate the need to tailor conservation strategies in MPAs to individual species for appropriate management of local shellfish resources.
INTRODUCTION
The accessibility of intertidal habitats has made fishing resources around La Palma, Canary Islands extremely susceptible to a variety of impacts caused by human harvesting of shellfish since prehistoric times (Thompson et al. 2002) . While shellfish are still being harvested sustainably in some locations (Kyle et al. 1997) , others have been chronically impacted by this activity (Siegfried et al. 1994) . The impact on these intertidal resources has increased with the growth of the human population, increasing accessibility of the coast, and use of non-traditional equipment that facilitates harvesting (Hockey and Bosman 1986 , Kingsford et al. 1991 , Underwood 1993a , Siegfried et al. 1994 , Santos et al. 1995 , Crowe et al. 2000 . Over-collection of living intertidal resources has resulted in several types of change within shellfish populations. Changes in the mean or modal sizes of populations are widespread (Moreno et al. 1984 , Hockey and Bosman 1986 , Ortega 1987 ) because larger individuals tend to be collected more frequently Bosman 1986, Underwood 1993b) . A number of studies also report significant reductions in target species abundances; when intensive collection occurs over a sufficiently large spatial scale, numbers can also decline as the spawning biomass decreases Duran 1985, Hockey and Bosman 1986) .
The effect of human collection on molluscs has been described for many species in a number of studies around the world (Oliva and Castilla 1986 , Duran and Oliva 1987 , Ortega 1987 , Hockey et al. 1988 , Duran and Castilla 1989 , Godoy and Moreno 1989 , Keough et al. 1993 . Along the coasts of the Canary Islands, harvesting of intertidal molluscs is a major fishing activity of economic importance. The increase in mollusc harvesting in recent years has had a negative effect, both directly and indirectly, on populations of some species that commonly inhabit the intertidal zone. Among target species of intertidal molluscs, patellid limpets are a resource that is in great commercial demand throughout the archipelago. In particular demand are the socalled "white limpet", Patella ulyssiponensis Gmelin, 1791, and the "black limpet", Patella candei crenata d'Orbigny 1840. The abundance of both species has declined dramatically due to a human-mediated reduction of the species' reproductive success through selective removal of the largest and most fecund individuals (Thompson et al. 2002 , Brito et al. 2005a , b, Navarro et al. 2005 , Ramirez et al. 2009 .
A number of limpet species occupy intertidal rocky shores within the Canary Islands. Patella ulyssiponensis and P. candei crenata are widely distributed in the mid-low intertidal zone and in shallow subtidal areas. The two species exhibit slightly different habitat affinities, each preferring different substrate features. While P. ulyssiponensis is found on rocky intertidal features such as high-rugosity platforms and cobble shores, P. candei crenata is mainly restricted to flat surfaces of cobble beaches . The intertidal distribution of these species makes them vulnerable to human extraction. The level of harvesting pressure is linked to the accessibility of the coastline to humans, and differences in the degree of resource exploitation are therefore expected between sites ( Thompson et al. 2002 , Ramirez et al. 2009 ). Several measures for resource management have been proposed to mitigate the impacts of intertidal resource over-collection: for example, breeding season closures, minimum legal size for harvesting (45 mm) and maximum capture weight regulations (B.O.C. 2010).
Marine Protected Areas (MPAs) are specific management tools that help to prevent over-exploitation of fisheries and/or shellfish resources, by providing specific protection measures in defined areas of traditional fishing grounds. Studies in MPAs have frequently been used to help understand human-induced perturbations of ecological processes and the effects on natural populations and communities (Moreno, 2001 , Clemente et al. 2011 . Harvesting restrictions in MPAs result in a significant recovery of protected populations because reproductive success is enhanced and stocks therefore increase. Previous studies assessing the effects of human activities have shown that the protection measures implemented in two of the three MPAs within the Canary Islands ("Isla de La Graciosa e islotes al Norte de Lanzarote" and "La Restinga, El Hierro -Mar de Las Calmas") produced a positive response of increasing limpet population density, size and biomass (Brito et al. 2005a ,b, Ramirez et al. 2009 ). However, no studies have yet been undertaken in the youngest MPA of the archipelago, "Isla de La Palma".
The aim of this study was to evaluate population densities and size structures in the two main species of limpets of commercial interest in La Palma island. The effects of harvesting on the structure of Patella ulyssiponensis and P. candei crenata populations were assessed by comparing stocks which are subject to human pressure (in unprotected areas of the intertidal zone) with those found in the Isla de La Palma MPA, where shellfish harvesting is not permitted and other activities are either restricted or prohibited. A number of anthropogenic factors were also assessed in order to examine their influence on the patellid populations. We hypothesized that the mean density and size of limpets would be lowest in non-protected sites, where fishing efforts are greater, particularly along the stretches of coastline that are most accessible to humans.
MATERIALS AND METHODS

Study area
The study was carried out at a total of eight sites along the rocky intertidal coast of La Palma island (Canary Islands) in April-September 2010. Four sites were located within La Palma MPA and four comparable sites were selected in unprotected areas along the coastline of La Palma (Fig. 1) . Unprotected areas were chosen along the eastern coastline of the island, with similar environmental conditions and experiencing low wave-exposure levels (Hernández et al. 2008a) (Fig. 1) .
The Canary Islands are situated at 27 to 29°N, 13 to 18°W, and the eastern boundary of the archipelago is separated from the coast of the African mainland by a distance of 90 km. La Palma island is located in the northwestern part of the archipelago. La Palma MPA, established in 2001, is located on the southwestern coast of the island, and covers 3719 ha of territorial waters. This MPA comprises one central no-take area with a restricted-fishing area surrounding it (Fig. 1) . In the no-take area all fishing, harvesting and scuba diving activities are forbidden and only scientific activities are allowed. In the restricted-fishing area commercial line fishing, tunid fishing and capture of small pelagic species (to be used as fishing bait) are allowed, as well as controlled scuba diving activities (Hernández et al. 2008a) . Shellfish harvesting is forbidden throughout the entire MPA, in both the intertidal and subtidal regions. Outside the MPA, limpet harvesting is allowed and shellfishing pressure has been recorded to be up to a mean of 0.15 local shellfishermen · day -1 · km 2 ( Fig. 1) , although there are certain restrictions such as a minimum legal catch size (45 mm), a maximum catch (10 kg per harvester per day) and temporary area closures. All harvesters also need to have a valid fishing license.
The four protected sites in this study were located within the no-take and restricted-fishing areas of La Palma MPA on the southwestern coast and the four unprotected sites were located along the eastern side of the island on the rocky intertidal shore (Fig. 1) . The sites were randomly selected but on the premise that the sites had a similar rocky intertidal habitat and were subject to similar environmental conditions: e.g. all sites experience low wave-exposure levels (Hernández et al. 2008b ).
Populations of patellids
At each study site the belt transect method was used to count all individuals of the species Patella ulyssiponensis and P. candei crenata, thus providing estimates of population density for each species. We used a total of four 10x2 m transects running parallel to the coastline using a randomly placed metric tape. At each replicate transect, observers recorded the number of individuals of each patellid species within the study area and the sizes of the individuals were measured to the nearest millimetre using calipers.
Anthropogenic factors
We assessed a number of variables as indicators of anthropogenic disturbance: human pressure, defined as the average density of inhabitants in the nearest town to a given study site (ISTAC 2009); accessibility to the coast, defined by the existence of paved/gravel roads near study sites; and coastal urbanization, defined by the presence of buildings around the sites. Accessibility (length of roads) and coastal urbanization (area occupied by buildings) were measured using orthophotos of the study area (Canary Islands topographic map: GRAFCAN 2008). Orthophotos were analysed using a geographic information system and considering an influence zone buffer of 1 km around the sites. The distance between study sites and the no-take area within the MPA was also calculated using an orthophoto (GRAFCAN 2008) .
Data analysis
A multivariate comparison of the density of the two limpet species was conducted using a distance-based permutational multivariate analysis of variance (PER-MANOVA) (Anderson 2001) , to compare the structure of patellid assemblages between protection levels (MPA and non-protected areas) and sites. Speciesspecific analyses were conducted to contrast patellid population densities and sizes with distance-based permutational ANOVAs (Anderson 2001) performed separately for each limpet species. Analyses were conducted using Bray Curtis dissimilarity measures (for the PERMANOVA) and Euclidean distances (for ANOVAs) of raw data respectively, with all P-values obtained using 4999 permutations of the appropriate exchangeable units. We used two-way designs in which the factor "Protection" was fixed (2 levels) and the factor 'Site' was random and nested within Protection (8 levels). The statistical software PRIMER 6 & PERMANOVA+ (www.primer-e.com) was used to conduct these procedures.
We analysed the effect of protection on the size structure of Patella ulyssiponensis and P. candei crenata by means of size-frequency analyses (χ 2 ) that compared limpet populations in the MPA and unprotected areas using the SPSS 15.0 statistical software. Anthropogenic factors (human pressure, accessibility to the coast and coastal urbanization) and the distances of sampling sites from the no-take area of La Palma MPA were compared against mean densities and sizes for both limpet species using regression analyses in SPSS-15.0.
RESULTS
Patellid assemblages
The PERMANOVA analysing density and composition of patellid assemblages revealed significant differences between protection levels and study sites in both the MPA and the non-protected area (Table  1) . Overall densities of patellids were higher at sites within the MPA than at non-protected sites (Table 2 , Fig. 2 ). The maximum densities of both Patella ulyssiponiensis (3.44±2.58 ind. m -2 ) and Patella candei crenata (3.34±1.11 ind. m -2 ) were registered within the MPA, while the minimum mean densities were recorded at non-protected sites of the island (0.16±0.06 and 0.02±0.04 ind. m -2 for each species respectively) Fig. 3 ).
Populations of Patella ulyssiponensis and P. candei crenata
Considering each limpet species separately, permutational ANOVA results showed that for Patella ulyssiponensis population density differed significantly between levels of protection and sites studied (Table  3 ). Higher mean densities of the species were found in the MPA than in non-protected areas (Fig. 2) . In the P. candei crenata population, only site had a significant effect on the species' population densities (Table 3) . No significant effect of protection level was obtained, despite the general trend of higher limpet densities at sites within the MPA (Table 2, Fig. 2 ). No significant differences in mean sizes of patellids were recorded between protection levels for either species (Table 3) , although limpet sizes tended to be larger within the MPA (Fig. 3) . In both species, there were significant differences between sites within each protection level (Table 3) .
Size-frequency analysis (χ 2 ) for P. ulyssiponiensis and P. candei crenata showed significant differences in size distributions of populations of both species between protection levels (χ 2 =64,333, p<0.001 and χ 2 =118,173, p<0.001, respectively). The size distribution of both patellids followed a unimodal pattern within the MPA and non-protected area, although modal sizes for both species were larger in the MPA than at the non-protected sites (Fig. 4) .
Anthropogenic factors
Population densities of P. ulyssiponensis were influenced by the distance of study sites from the notake area of La Palma MPA (Fig. 5A ) and by human pressure (Fig. 6A ). There was a negative exponential relationship between anthropogenic factors and mean limpet density, gradually decreasing with distance from the no-take area (Fig. 5a ) and with increasing numbers of inhabitants at study sites (Fig 6a) . P. ulyssiponensis body size was also significantly influenced by the distance from the no-take area, with a significant negative logarithmic relationship between the two variables (Fig. 5b) , and by a negative potential relationship with coastal urbanization at sampling sites (Fig 6b) . There were no significant effects of the other studied anthropogenic disturbance factors on P. ulyssiponensis density (accessibility to the coast: R 2 =0.001, F=0.003, p=0.957; coastal urbanization at sampling sites: F=0.388, P=0.556 ) and body size (accessibility to the coast: R 2 =0.018, F=0.110, p=0.752; human pressure: R 2 =0. 406, F=4.108, p=0.089) . No significant effects of anthropogenic disturbance factors were detected on Patella candei crenata populations, such as distance of study sites from the no-take area (R 2 =0.207, F=1.564, p=0.258 and R 2 =0.274, F=2.259, p=0.184 for density and size respectively), numbers of inhabitants (R 2 =0.292, F=2.480, p=0.166 and R 2 =0.186, F=1.368, p=0.286 for density and size respectively), accessibility of the coast (R 2 =0.018, F=0.108, p=0.754 and R 2 =0.399, F=3.958, p=0.093 for density and size respectively), and coastal urbanization at sampling sites (R 2 =0.135, F=0.940, p=0.370 and R 2 =0.302, F=2.595, p=0.158 for density and size, respectively).
DISCUSSION
In the marine environment, fishing activities have historically targeted intertidal resources because these habitats are more accessible, in many cases leading to severe population declines (Castilla and Duran 1985 , Jamieson 1993 , Roy et al. 2003 , Martins et al. 2008 and alterations to the equilibrium of ecosystems. Fishing and harvesting restrictions implemented in MPAs have allowed studies that help us understand and mitigate the effect of human activities on commercial species (Pinnegar et al. 2000) . MPAs also provide an opportunity to test how natural forces, such as intra-and inter-specific competition, interact with anthropogenic impacts in shaping marine ecosystems (Micheli et al. 2005) . They have revealed worldwide that putting in place protection measures can significantly increase the abundance and size of many economically important species (see review by García-Charton et al. 2008) , with some species responding more positively to protection measures than others.
The patellid species Patella ulyssiponensis and P. candei crenata are highly prized fishing resources in both local recreational and commercial fisheries across the Canary Islands (Brito et al. 2005a , b, Ramirez et al. 2009 ). Both species inhabit the intertidal rocky shore of the Canary Islands, achieving maximum population densities in the mid-shore range (Hawkins et al. 1990 , Martins et al. 2008 . However, our results suggest that P. ulyssiponensis is generally more abundant than P. candei crenata in intertidal habitats. This difference between species could be due to natural processes mediated by inter-specific competition (Boaventura et al. 2003) or related to the different habitat affinities of the two species. While P. ulyssiponensis is currently found at a wide range of mid-intertidal habitats, P. can- dei crenata has a more restricted habitat and is mainly found in the mid-shore ranges of cobble beaches . Management strategies should consider differences between the species in order to assist in effective conservation of target populations. Harvesting licenses, minimum legal sizes based on biological characteristics, and maximum quotas are conservation strategies that are currently implemented to increase the sustainability of intertidal resources within the Canary Islands. However, the rapid growth of human populations has increased perturbation of marine species as resources are increasingly harvested for food and recreational purposes, rendering existing conservation strategies highly insufficient. MPAs are therefore an alternative strategy for the management of shellfishing resources. For several measured variables, our results indicated that protection in the MPA had a positive effect on populations of P. ulyssiponensis and P. candei crenata. The benefits of protection were more clearly seen in population densities of P. ulyssiponensis, whereas results from P. candei crenata were more variable and site-specific, though a trend of increasing densities of the species within the proximity of the no-take area was clearly seen. It is possible that the recovery of P. candei crenata populations may be limited because the species has more restricted habitat requirements than P. ulyssiponensis, although other site-specific features may be influencing the variability found in abundances at smaller spatial scales. These results highlight the need to protect heterogeneous stretches of coastline containing habitats suitable for a diverse range of species, although the environmental factors potentially controlling populations at smaller scales should be addressed in further studies.
Contrary to our predictions, the protection offered by the MPA did not significantly affect the mean size of either species. The two limpets showed clear signs of stock over-exploitation, with mean sizes below the minimum legal size (45 mm) at most study sites, both inside and outside the MPA. The lack of clear effects of protection on limpet sizes may be related to a reduced growth of specimens at low-productivity sites such as the ones studied at La Palma. A larger time span would be needed to allow new recruits to grow beyond the minimum legal size in the MPA and to detect an effect of protection on mean sizes. However, the effects of harvesting regulations were seen in the size-frequency distributions of both species, probably due to the size selective collection of these intertidal resources at unprotected sites (Ramirez et al. 2009 ). Populations showed depletion of large sizes in unprotected areas, where the maximum size of any individual limpet was 52 mm for P. ulyssiponensis and 47 mm for P. candei crenata, in comparison with 78 mm and 71 mm, respectively within the MPA. The selection bias towards larger sizes is a direct consequence of anthropogenic impacts, previously noted in other regions of the Canary Islands (Navarro et al. 2005 , Ramírez et al. 2009 ) and elsewhere for other molluscs (e.g. Keough et al. 1993 , Ferraz et al. 2001 , Roy et al. 2003 , Branch and Odendaal 2003 , Sagarin et al. 2007 . The removal of mature animals is likely to cause major ecological disturbance due to the consequent reduction in reproductive output of the resident population. Oceanic island environments may be more susceptible to removal of these megaspawners owing to a higher isolation of populations, which may render island populations more vulnerable to exploitation than elsewhere (Roberts and Hawkins 1999) . Over time populations are being progressively 'fished down' (Moreno 2001 , Martins et al. 2008 , causing severe changes in population structure and an overall reduction in the density and size frequency of the resource. Previous studies in the Canary Islands have shown that intense exploitation of intertidal limpets leads to a dramatic reduction, and even local extinction, of populations of P. candei crenata (Côrte-Real et al. 1996 , Navarro et al. 2005 . This previous knowledge and the fact that protection at the MPA only partially improved the health of the patellid populations studied highlights the need for development of more appropriate management of these species.
In our study, the effects of extractive activities on the population structure of two target species was evident not only in a reduction of large-sized limpets but also in a depletion of the number of specimens in most size ranges. Similar studies from the eastern Canarian Archipelago, comparing sites at La Graciosa MPA with unprotected sites, showed that human pressure had a significant effect on limpet populations (Brito et al. 2005a , b, Ramirez et al. 2009 ) and that populations recovered following protection. No previous studies had assessed the status of limpet populations in the most recently established MPA in the Canarian archipelago: La Palma. The results presented here, less than ten years after the establishment of this MPA, suggest that the no-take area is proving effective in aiding the recovery of stocks of intertidal resources. However, more should be done to protect the least responsive of the two species, P. candei crenata, and species-specific management strategies should be implemented. For example, different maximum quotas could be set for individual species, or bedrocks and cobble shore habitats especially favourable for P. candei crenata could be the focus of protection. Integrating these priorities in the design of an MPA can sometimes be difficult because there are a number of species to consider, each with a different habitat affinity. The delimitation of areas specifically aimed at protecting shellfish resources could be a worthy alternative, especially in regions such as the Canary Islands where few intertidal species are of commercial interest.
In conclusion, this study suggests that the survival of key commonly harvested herbivores is highly correlated with human disturbance in the Canary Islands. In the establishment of protection measures in MPAs, the different habitat affinities of target species should be considered in order to effectively protect stretches of
